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The hyaline layer of echinoderm embryos is an extraembryonic matrix that functions as a substrate for cell adhesion
through early development. The major constituent of the hyaline layer is the protein hyalin, a ®brillar glycoprotein of
approximately 330 kDa that multimerizes in the presence of calcium. Here we provide a molecular characterization of
hyalin and identify a region of the protein that is important for its function in cell adhesion. Partial hyalin cDNAs were
identi®ed from two sea urchin species, Strongylocentrotus purpuratus and Lytechinus variegatus, by screening expression
libraries with monoclonal antibodies to hyalin. The cDNAs each encode a tandemly arranged series of conserved repeats
averaging 84 amino acids. These hyalin repeats are as similar between the two species as they are to repeats within each
species, suggesting a strong functional conservation. Analysis of this repeat shows that it is a unique sequence within the
GenBank database with only weak similarity to mucoid protein sequences. The hyalin mRNA is approximately 12 kb in
length and is present in developing oocytes coincident with the appearance of cortical granules, the vesicle in which the
hyalin protein is speci®cally packaged. The mRNA is present throughout oogenesis but is rapidly lost at oocyte maturation
so that eggs and early embryos have no detectable hyalin mRNA. The hyalin protein, however, remains at relatively
constant levels throughout development. Thus, all the hyalin protein present during early development, when no RNA is
detectable, is maternally derived and exocytosed from cortical granules at fertilization. Hyalin mRNA reaccumulates in
embryos beginning at the mesenchyme blastula stage; a RNA gel blot and in situ hybridization analysis of gastrulae and
larvae shows a progressive con®nement of hyalin mRNA to the aboral ectoderm. Recombinant hyalin containing the
tandem repeat region of the protein was expressed in bacteria and is shown to serve as an adhesive substrate, almost equal
to that of native hyalin, in cell adhesion assays. This adhesive activity is partially blocked by dilute hyalin monoclonal
antibody Tg-HYL to the same extent as that for native hyalin. Thus, this hyalin repeat region appears to contain the ligand
for the hyalin cell surface receptor. These data help explain some of the classic functions ascribed to the hyalin protein in
early development and now enable investigators to focus on the mechanisms of cell interactions with the hyaline layer.
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INTRODUCTION ment. This structure was ®rst reported by Hertwig (1876),
was described by Hammar (1896) as a clear, colorless homo-The hyaline layer of the sea urchin embryo is a classically
geneous layer , and was suggested by Herbst (1900) to func-de®ned structure now known to be important for develop-
tion by binding blastomeres together. More recent experi-
ments show that the hyaline layer serves directly as a sub-1 To whom correspondence should be addressed at Box G, 69
strate for cell adhesion (McClay and Fink, 1982; Fink andBrown Street, Brown University, Providence, RI 02912. Fax: (401)
McClay, 1985) that is necessary for morphogenesis (Adelson863-1182. E-mail: rhet@brown.edu.
and Humphreys, 1988).2 Present address: CSIRO Division of Animal Production LMB#1,
The major component of the hyaline layer is the proteinBlacktown, N.S.W. Australia. Fax: 61-2-9840-2940. E-mail: d.adelson@
prospect.anprod.csiro.au. hyalin which is exocytosed at fertilization. Although many
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other proteins also are exocytosed from other vesicles at or the hyaline layer and inhibits invagination of the archen-
teron (Adelson and Humphreys, 1988).shortly following fertilization (Matese et al., 1997), hyalin
Given these functional properties it is of interest to learnis secreted from cortical granules, within which the hyalin
more of the molecular nature of the hyalin protein and itsis selectively packaged into the electron-lucent, homoge-
regulated expression during development. Accordingly, weneous region (Hylander and Summers, 1982). At fertiliza-
identi®ed hyalin cDNAs by screening expression cDNA li-tion, the hyaline layer forms rapidly and swells to approxi-
braries from two different species and at two different stagesmately 2±3 mm thick within 10±15 min postinsemination
with several different anti-hyalin monoclonal antibodies,(Harvey, 1956).
including an adhesion-blocking antibody. These studiesThe hyaline matrix was shown to be sensitive to calcium
identi®ed an encoded protein domain important for cell ad-ions by Herbst(1900), and this property was later used by
hesion that is unique to the GenBank database. These mo-investigators to devise isolation schemes, alternating cal-
lecular tools will help us understand this classically de-cium-free solubilization with calcium-induced precipita-
scribed protein.tion (Faust et al., 1959; Vacquier, 1969; Kane, 1970; Citkow-
itz, 1971). Analysis of isolated hyalin protein has shown it
to be about 330 kDa in size, containing approximately 25%
acidic residues, only 3.5% basic residues, and 2±3% carbo- MATERIALS AND METHODS
hydrate (Stephens and Kane, 1970; Citkowitz, 1971). In addi-
tion, it has distinct heterogeneity. On SDS±PAGE gels hya-
Animals and reagents. Lytechinus variegatus were obtainedlin appears as a smear, suggesting that the molecule is either from the Duke Marine Laboratory (Beaufort, NC) and from Scott's
differentially glycosylated and/or is of a heterogeneous Services and Sue Decker (both of Miami, FL). Strongylocentrotus
length. Physical studies of puri®ed hyalin have also sug- purpuratus were obtained from Marinus (Long Beach, CA). Ga-
gested that the protein is heterogeneous with different sedi- metes were obtained by intracoelomic injection of KCl (0.5 M) and
eggs were washed with Instant Ocean arti®cial sea water (ASW;mentation properties (Gray et al., 1986; Justice et al., 1992).
Mentor, OH). Eggs were fertilized and cultured as describedRecently, the ultrastructure of the protein was identi®ed
(McClay, 1986). S. purpuratus and L. variegatus embryos were cul-by rotary shadowing as a ®lamentous molecule about 75
tured at 15 and 20±227C, respectively. In cases where the fertiliza-nm long with a globular ``head'' about 12 nm in diameter
tion envelope was removed, the eggs were fertilized in 10 mM p-(Adelson et al., 1992). Though most of the ®laments of the
aminobenzoic acid and the envelopes were removed mechanically
protein are 75 nm in length, other ®lament regions are 25± with Nitex mesh as described (McClay, 1986). Hyalin was isolated
50 nm longer than the majority, supporting the heteroge- as previously described (McClay and Fink, 1982), using a protocol
neous nature of the protein. In the presence of calcium, the that was modi®ed from the original hyalin isolation protocols (Vac-
hyalin monomers aggregate with their globular regions to quier, 1969; Kane, 1970).
To obtain cDNA clones encoding hyalin from L. variegatus, aa high-molecular-weight core particle that remains associ-
monoclonal antibody, Tg-HYL, originally made to hyalin fromated with hyalin throughout puri®cation. Antibodies to hy-
Tripneustes gratilla (Adelson and Humphreys, 1988), was used toalin bind in several places along the ®lamentous region of
screen two different cDNA expression libraries. This monoclonalhyalin. These antibodies functionally block cell±hyalin as-
antibody has been shown to cross-react with hyalin from a number
sociations and as a consequence disrupt morphogenesis. It of echinoid species and strongly stains hyalin speci®cally from both
is thus believed that hyalin contains multiple cell binding S. purpuratus and L. variegatus (data not shown). Each of the librar-
sites on the ®lamentous region of the molecule (Adelson et ies used were made in lZAP (Stratagene, La Jolla, CA); one was
al., 1992). prepared from poly(A)/ mRNA isolated from the mid-gastrula stage
of L. variegatus, and the others from poly(A)/ mRNA isolated fromFunctionally, hyalin has been shown to act as a substrate
ovaries of either S. purpuratus or L. variegatus containing mixedfor cell adhesion during early embryogenesis (McClay and
stages of oocytes. Approximately 3 1 105 recombinants wereFink, 1982; Fink and McClay, 1985; Adelson and Hum-
screened to obtain more than 20 independent clones.phreys, 1988). At the beginning of gastrulation primary mes-
To obtain cDNA clones encoding hyalin from S. purpuratus,
enchyme cells lose contact with the hyaline layer and in- monoclonal antibodies generated to the cell surface complex iso-
gress into the blastocoel. At that time, the primary mesen- lated as described previously (Decker and Kinsey, 1983) were
chyme cells lose an af®nity for hyalin and increase their screened for anti-hyalin speci®city. These hyalin antibodies were
adhesion toward other substrates (McClay and Fink, 1982; then used to probe a cDNA ovary library from S. purpuratus as
described (Laidlaw and Wessel, 1994). Approximately 105 recombi-Fink and McClay, 1985). Later, the vegetal plate invaginates
nants were screened, resulting in eight different cDNA clones.to form the endoderm. Concurrent with this morphogene-
cDNA screening procedure. The cDNA libraries were screenedsis, the ectoderm and endoderm change in their relative
as previously described (Laidlaw and Wessel, 1994). Brie¯y, BB4af®nities for hyalin; ectoderm cells retain an af®nity while
cells harboring the lZAP bacteriophage were plated onto NZCYMendoderm cells lose their af®nity (Burdsal et al., 1991). Con-
agar plates and cultured at 427C until plaque formation was visible.
sistent with its proposed role in the invagination process Nitrocellulose ®lters were laid on the bacterial lawn and incubated
(Gustafson and Wolpert, 1967), treatment of embryos with a overnight at 377C. The nitrocellulose ®lters were removed from
monoclonal antibody to hyalin, known to block cell±hyalin the plates and washed several times for a total of 4 h in blotto
buffer (50 mM Tris, pH 7.5, 0.9% NaCl, 0.05% Tween-20, andadhesion in vitro, causes the entire embryo to retract from
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3% nonfat dried milk) and then incubated with the anti-hyalin and then transcribing the template using T7 RNA polymerase. A
sense probe was synthesized by linearizing the plasmid with Hin-antibodies (either Tg-HYL for L. variegatus or 2B7 and 4B7 for S.
dIII and then transcribing the template using T3 RNA polymerasepurpuratus) diluted 1/100 at 217C for 2 h. The ®lters were then
(enzymes from Life Technologies, Gaithersburg, MD).washed with several changes of blotto and incubated with goat
Immunolocalization in situ. Immuno¯uorescence localizationanti-mouse antibody conjugated to alkaline phosphatase (Sigma,
of hyalin was performed in whole mounts and on sections of em-St. Louis, MO) for 2 h. The ®lters were washed several times with
bryos that were ®xed and processed as previously described (Laid-several changes of blotto without milk, and immunolabel signals
law and Wessel, 1994). Primary antibodies were diluted between 1/were detected with BCIP/NBT colorimetric development as de-
50 and 1/200 and the secondary antibody (Cy3-conjugated af®nity-scribed (Blake et al., 1984). Plaques reactive to the antibody were
puri®ed goat anti-mouse IgG; Kirkegaard and Perry Labs, Gaithers-puri®ed to homogeneity by repeated plating and immunolabeling,
burg, MD) was diluted 1/100.and the recombinant cDNA of each plaque isolate was excised with
Cell adhesion assay. Embryos from L. variegatus were dissoci-helper phage R408 (Stratagene, La Jolla, CA) and recovered as a
ated as previously described (McClay, 1986). An adhesion assayBluescript plasmid.
modi®ed from that of McClay et al. (1981) was used to examineDNA sequencing. The DNA sequences were determined by the
cell±substrate adhesive af®nity. Brie¯y, substrates were applied toSanger chain termination method (Sanger et al., 1977) using [35S]-
PVC microtiter plates at 10 mg per well. [Fibronectin and tenascindATP (Dupont, Boston, MA) and Taq DNA polymerase (Promega
from chicken was a gift from Dr. Harold Erickson, Duke University,Biotech, Madison, WI) and detected with BioMax ®lm (Kodak,
and basal lamina/blastocoel extracellular matrix ``bags'' were pre-Rochester, NY). Sequence data were assembled and analyzed using
pared according to McClay (1986). The hyalin used in these experi-the University of Wisconsin Genetic Computer Group sequence
ments was either native hyalin puri®ed by standard proceduresanalysis package (Devereux et al., 1984).
(McClay, 1986) or bacterially expressed recombinant hyalin pep-Electrophoretic and immunoblot analyses. Equal numbers of
tide. Recombinant hyalin was made by fusing the hyalin repeateggs and embryos at the stages indicated (approximately 15 mg per
region of cDNA clone 6.1 from L. variegatus to glutathione±Slane) were subjected to SDS±PAGE and immunoblot analysis es-
transferase of pGEX and isolating the hyalin protein by glutathionesentially as described (Towbin et al., 1979). Samples for analysis
af®nity chromatography (Smith and Johnson, 1988).] Equimolarwere pelleted, resuspended in SDS±PAGE sample buffer containing
amounts of native and recombinant hyalin were applied to each10 mM DTT and a protease inhibitor cocktail (®nal concentration
well and the wells were then treated with bovine serum albuminper milliliter: aprotinin, 1 TIU; benzamidine, 10 mg; soybean trypsin
(2 mg/ml in ASW), to block nonspeci®c binding sites. One hundredinhibitor, 10 mg; antipain, 1 mg; leupeptin, 1 mg; bestatin, 0.5 mg; E-
percent binding controls used cells with no applied substrate, and64, 1 mg; phosphoramidon, 1 mg; phenylmethylsulfonyl ¯uoride, 10
0% binding controls used wells that were blocked with bovinemg; chymostatin, 1 mg; pepstatin, 1mg), and denatured for 3 min at
serum albumin (BSA). Cells were added to the wells (1 1 105 cells/1007C. The proteins were resolved by SDS±PAGE and either
well), and the wells were ®lled and then sealed with clear plasticstained with Coomassie blue or blotted. Blots were washed twice
packaging tape. The plates were spun in a low-speed centrifuge atfor a total of 1 h in blotto and then incubated for 1 h in blotto
65 g for 5 min to pellet all the cells as a subcon¯uent monolayercontaining anti-hyalin diluted 1/1000. The blots were then washed
onto the substrates. The plates were removed from the centrifuge,three times in blotto over 30 min and incubated in blotto with
inverted, and incubated on ice for 30 min. Alternatively, the in-goat anti-mouse antibodies conjugated to horseradish peroxidase
verted plates were spun at 65 g with the force acting to pull nonad-(Organon-Teknika, Durham, NC) diluted 10,0001. Blots were
hering or very weakly adhering cells away from the substrate. Thewashed in blotto three more times over 30 min and ®nally washed
well bottoms were then placed, still in an inverted position, on ain blotto without milk. The secondary antibody was detected by
microscope stage and the number of bound cells present within aenhanced chemiluminescence as modi®ed from Matthews (1985).
standard area was counted. Results are given as the number of cellsBrie¯y, blots were incubated in chemiluminescent solution (10 ml
bound per unit area of substrate. In these experiments, backgroundof 68 mM p-coumaric acid, 10 ml 1.25 mM luminol, and 30 ml 3%
binding was less than 2% and was subtracted from each of the
hydrogen peroxide) for 1 min, wrapped in plastic wrap, and exposed
binding values shown.
to Kodak X-Omat ®lm. Controls used in this experiment included
blots incubated with preimmune antisera, or secondary antibody
alone, each of the controls showed no signal, or by using antibodies
to other cortical granule proteins to test the speci®city of the im- RESULTS
munoblotting procedure (data not shown). These tests veri®ed that
the antibodies used in this study are speci®c for hyalin. Hyalin Contains a Region of Conserved Amino
RNA analysis. Total RNA isolated from embryos at several Acid Repeats
developmental stages was analyzed by hybridization to RNA gel
blots essentially as described (Bruskin et al., 1981). Relatively equal Partial hyalin cDNAs were identi®ed independently in
loading and blotting levels were veri®ed by hybridization to ubiqui- two different species using monoclonal antibodies to screen
tin mRNA, previously shown to be present in equivalent levels cDNA libraries. Tg-HYL is a monoclonal antibody that
throughout embryogenesis (Gong et al., 1991). Radioactive probes cross-reacts with hyalin from several echinoid species, and
were made using the RTS RadPrime Labeling Kit (Life Technolo-
it blocks the function of hyalin in vivo (Adelson and Hum-gies, Gaithersburg, MD) and [32P]dCTP (Dupont NEN, Boston, MA).
phreys, 1988). Monoclonal antibodies 2B7 and 4B7 wereFor in situ RNA hybridization, ovaries, eggs, and embryos from L.
made to hyalin from S. purpuratus using isolated cell sur-variegatus and S. purpuratus were ®xed in 2% glutaraldehyde and
face complex (cortical granules attached to the plasmawere prepared for whole-mount in situ RNA hybridization as de-
membrane) as an antigen. These monoclonal antibodies alsoscribed (Ransick et al., 1993). Digoxigenin-labeled antisense tran-
scripts were synthesized by ®rst linearizing the plasmids with XbaI speci®cally bind to hyalin and cross-react with hyalin from
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diverse genera of echinoderms. Each of these antibodies was detected, we conclude that the zygotic transcript is derived
from the same gene as the maternal transcripts.used to screen cDNA libraries in several independent
screens using libraries from ovaries of L. variegatus and The hyalin mRNA detected in ovaries is present speci®-
cally in developing oocytes (Figs. 3A and 3B). No signal isS. purpuratus and from gastrula of L. variegatus. Over 20
different expression clones were identi®ed in these screens. found in mature, accessory cells or other somatic cells of
the ovarian capsule, eliminating a potential heterosyntheticSequences of partial hyalin cDNAs from both the L. varie-
gatus and S. purpuratus overlapping clones are compared source of RNA or protein, as is found for some other macro-
molecules of the egg like yolk, and glycogen (Anderson, 1974;in Fig. 1. Sequence from both species contains a large region
of an extended tandem repeat averaging 84 amino acids. Shyu et al., 1986). This RNA signal is found in oocytes of
all stages and is very abundant. Based on frequency of plaqueThe predicted amino acid sequence is strongly conserved
among the repeats both within each species (ranging from hybridizations we estimate hyalin to account for 1±2% of the
mRNA in ovaries. Although the colorimetric hybridization38 to 97% identical) and between species (64% identical).
The sequence of these cDNA clones encodes a protein with labeling in these in situ hybridizations is dif®cult to quantify,
it appears that oocytes of all sizes contain an equal densitya predicted amino acid composition very similar to that
obtained by amino acid analysis of puri®ed hyalin protein of label. We conclude from this that oocytes accumulate
hyalin mRNA throughout oogenesis, which is consistent(Stephens and Kane, 1970), further supporting the fact that
these regions encode hyalin. We do not know if the epitopes with the kinetics of mRNA accumulation of other cortical
granule proteins (Laidlaw and Wessel, 1994).recognized by each antibody are shared between repeats,
but the presence of a redundant epitope may be one reason Coincident with the appearance of hyalin mRNA is the
appearance of cortical granules within the oocytes. Thesefor the high frequency of monoclonal antibodies generated
to this protein and of identifying cDNA clones to this region organelles accumulate throughout the cytoplasm during oo-
genesis (Fig. 3E) and eventually increase to about 15,000of hyalin by expression immunoscreens. This repeat se-
quence has no strong identity to anything in GenBank. The per oocyte (Laidlaw and Wessel, 1994). Following germinal
vesicle breakdown, the cortical granules completely trans-most similar sequences (less than 25% identity) are mucins,
yet hyalin is biochemically unlike mucins in that only 2± locate to the cortex of the egg where they dock at the plasma
membrane in a monolayer (Fig. 3G; Berg and Wessel, 1997;3% of hyalin's mass is carbohydrate (Stephens and Kane,
1970). The binding site of the Tg-HYL antibody was pre- Matese et al., 1997). Because of the temporal coincidence
of mRNA and protein appearance, the mRNA appears toviously mapped to the ®lamentous region of the molecule
using rotary shadowing of immunolabeled native proteins be translated immediately. During meiotic maturation of
oocytes, which takes approximately 9 h in L. variegatus(Adelson et al., 1992). Thus, the tandemly repeated se-
quence resides within the long ®lamentous portion of the (Berg and Wessel, 1997), the oocytes degrade hyalin mRNA
so that in mature eggs, none is detected (Fig. 3B). This resultmolecule and not in the globular head region.
indicates that the hyalin protein present throughout early
development is strictly of maternal origin. The lack of hya-
lin mRNA during early development (Fig. 3C) explains aHyalin Protein in Early Development Is Maternally
previous observation that metabolically radiolabeled hyalinDerived
cannot be identi®ed in embryogenesis at least until gastru-
lation begins (McClay and Fink, 1982).By immunoblot analysis, each of the hyalin antibodies
detects a 330-kDa band in hyalin isolated from freshly fertil-
ized eggs or from embryos (data not shown), and a smear in
Embryonic Hyalin mRNA Expression Istotal preparations of eggs, embryos, and larvae (Fig. 2B). This
Progressively Restricted to Ectodermal Regionsprotein heterogeneity has been seen by SDS±PAGE, by
FPLC, and by rotary shadowing techniques by several inves- Hyalin mRNA reaccumulates in embryos beginning at the
gastrula stage. The new hyalin mRNA appears only in thetigators (e.g., Adelson et al., 1992). From the apparent size
of the hyalin protein, the mRNA was predicted to be quite ectoderm in a pattern that is consistent initially with an en-
riched distribution in aboral ectoderm relative to oral ecto-large. This prediction is born out by RNA gel blot analysis
(Fig. 2A) where the mRNA is estimated to be more than 12 derm (Fig. 4A). A sharp boundary of hyalin message is present
in a ring around the vegetal plate, the diameter of whichkb in length in both species studied (data not shown for
L. variegatus). By RNA gel blot analysis (Fig. 2A) we ®nd decreases as gastrulation progresses. Based on other lineage
markers, these data suggest that hyalin is excluded from en-abundant mRNA in the ovary, but no or only very little
hyalin mRNA in mature eggs. Hyalin mRNA remains very doderm at the ectodermal/endodermal boundary (Ruf®ns and
Ettensohn, 1996; Logan and McClay, 1997). As gastrulationlow or undetectable in embryos until the mesenchyme blas-
tula stage. During gastrulation, hyalin mRNA reaccumu- proceeds the RNA becomes further enriched in the aboral
ectoderm, and in early plutei the hyalin mRNA appears al-lates, at the same size as that found in ovaries, and this
pattern of mRNA accumulation is identical for both species most exclusively in the aboral ectoderm (Figs. 4C and 4D).
This mRNA pattern is distinct from protein immuno¯uo-(data not shown for L. variegatus). Based on genomic DNA
blots (data not shown) in which only one hyalin gene is rescence data which shows hyalin in the oral ectoderm and
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FIG. 1. (a) Sequence and conservation of hyalin repeats. Thirteen full and one partial repeat for S. purpuratus and eight full and two
partial repeats for L. variegatus are aligned to show the high level of amino acid identity both within each species and between repeats
of the two species. In both cases the repeats are in tandem. (b) Map of overlapping hyalin cDNA clones containing the repeat region. K,
KpnI; S, SstI; B, BamHI; C, ClaI.
in the lumen of the endoderm (Fig. 5B). This is probably ex- derm but not in the endodermal hyalin (Citkowitz, 1971),
and maternal hyalin is known to persist well into gastrulationplained by a long perdurance of the maternal protein, some
of which is drawn into the archenteron during gastrulation. In (McClay and Fink, 1982). Further, the previous autoradio-
graphic pattern (Citkowitz, 1971) is now explained by the insupport of this hypothesis, the hyaline layer at the blastopore
appears distorted (Fig. 5A); an autoradiographic pro®le of iso- situ RNA hybridization pattern seen here.
The hyalin mRNA pattern in larvae is unusual (Fig. 4).lated hyaline layers shows new hyalin deposition in the ecto-
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the arms, where no label is detectable, and at the apex of
the oral hood. This pattern of hyalin mRNA and protein
accumulation is very similar between L. variegatus and S.
purpuratus. The only signi®cant differences are that the clear
band around the ciliary band in S. purpuratus is not well
de®ned and the apex of the larva is not stained even late in
gastrulation (data not shown).
The intracellular distribution of the hyalin message is
consistent with its encoding hyalin since it is con®ned to
the region of the rough endoplasmic reticulum around the
nucleus as expected for a protein targeted to the secretory
pathway (Fig. 4G). The ¯attened squamous cells of the ab-
oral ectoderm enable this visualization. A comparison with
the in situ RNA hybridization of the LvS1 RNA, encoding
a cytoplasmic protein, is distinct in that the LvS1 signal is
distributed throughout the cytoplasm (Fig. 4F).
When the embryo reaches the feeding stage the endoderm
retains hyalin within the lumen, but only in the foregut re-
gion. The lumen of the stomach and intestine no longer have
hyalin protein, as they did earlier in development (Fig. 5E).
The Hyalin Repeat Region Contains a Binding Site
for Cell Adhesion
Hyalin is a known adhesive substrate (McClay and Fink,FIG. 2. (A) RNA gel blot analysis of hyalin mRNA. Total RNA
1982) and cell±hyalin interactions have been proposed to beof S. purpuratus (10 mg), isolated from the cells and embryos indi-
cated, was resolved on agarose gels, blotted to nylon, and hybridized involved in several morphogenetic movements (Citkowitz,
with a 32P-labeled probe of hyalin cDNA. An mRNA of 12 kb is 1971; Fink and McClay, 1985; Adelson and Humphreys,
present in ovaries but not eggs or early development. The same 1988) even though the mechanism of this interaction is
sized mRNA reappears at gastrulation and accumulates in larvae. unknown. It was of interest, therefore, to determine
(B) Immunoblot analysis of hyalin protein in eggs and embryos whether the repeat region of hyalin is the portion of the
of S. purpuratus. The smear of immunolabeling characteristics of molecule to which cells bind. One of the monoclonal anti-
hyalin in whole eggs and embryos is present at similar levels
bodies used to screen the cDNA expression libraries, Tg-throughout development. When aligned to the RNA gel blot (A), it
HYL, was previously shown to block gastrulation and itis apparent that the protein present from fertilization until gastrula-
appeared to do so by causing cells to detach from the hyalinetion is of maternal origin.
layer (Adelson and Humphreys, 1988). Thus, it was reason-
able to predict that the repeat region identi®ed by that anti-
body would be an adhesive substrate. To test this prediction
we used a quantitative adhesion assay to ask whether theFirst, the oral ectoderm has no signal by in situ RNA hybrid-
ization analysis except for a thin strip of ectoderm adjacent bacterially expressed peptide fragment of hyalin repeats
serves as a substrate for cell binding. Figure 6A shows theto the ciliary band (Fig. 4E). The entire ciliary band is negative
for hyalin RNA. Since the ciliary band is thought to represent cell af®nity to native hyalin relative to substrates of mam-
malian ®bronectin, tenascin, and sea urchin ECM bags. BSAthe boundary between the oral and the aboral ectoderm
(Cameron et al., 1990), the pattern of hyalin message distri- is used as a background control. We then tested the ability
of cells to bind to the hyalin repeat region identi®ed here.bution does not strictly adhere to this boundary since a stripe
several cells thick on the oral side of the ciliary band contains Hyalin±glutathione±S transferase fusion protein was syn-
thesized in bacteria and used in the adhesion assay. Figurehyalin mRNA. The oral surface area beyond these cells is
negative for hyalin mRNA though it is dif®cult to display 6B shows that this fusion protein serves as a good substrate,
at about 80% the level of the native hyalin at the samethis pictorially since the transparency of the embryo allows
one to view the aboral signal out of focus through the oral substrate concentration. In addition, the adhesion-blocking
antibody Tg-HYL (McAb 183) used originally to study hya-area. Only by focusing up and down through the embryo is
it clear that the oral surface is devoid of hyalin mRNA. As lin function in vivo blocks cell binding to native hyalin by
22%, as well as by 32% to recombinant hyalin repeats (atlarvae age, a progressive loss of signal is apparent within the
aboral ectoderm, beginning in the apex of the embryo and the same antibody dilution). We thus conclude that the
repeat region of hyalin contains at least one type of cell-moving progressively toward the oral surface (Figs. 4C±4E).
Signi®cant mRNA is retained at the boundary between the binding site. Whether only one or more than one repeat has
a binding site is not known, but this level of inhibition byciliary band and the oral ectoderm except at the very tips of
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FIG. 3. In situ analysis of hyalin protein and mRNA. (A±C). In situ RNA hybridization: (A) Lobe of an ovary showing mature eggs in
the background in a honeycomb pattern, and the oocytes (smaller and densely labeled) at the ovary periphery. (B) A fully grown oocyte
(top) contains maximal levels of hyalin mRNA, but following maturation (bottom), the hyalin mRNA is lost and does not reappear in
early development. (C) Mesenchyme blastula. (D±I) In situ immunolabeling (D, Bright®eld; E, Immuno¯uorescence). Histological section
of an ovary showing developing oocytes of various stages surrounded by somatic accessory cells. Oocytes of all stages show cortical
granules throughout their cytoplasm, whereas the mature egg at the bottom right has translocated cortical granules. (F) Fully grown oocyte
showing cortical granules dispersed throughout the cytoplasm, but not in the germinal vesicle. (G) Mature egg with the cortical granules
at the cortex, the source of all hyalin protein for early development to the mesenchyme blastula stage (H, bright®eld; I, immuno¯uores-
cence). Note that hyalin is present throughout the ectoderm and the in-pocketing of hyalin at the blastopore (bottom of embryo). (A, D,
E) S. purpuratus; bar, 100 mm. (B, C, F±I) L. variegatus; bar, 50 mm.
the Tg-HYL antibody is consistent with 35% inhibition in DISCUSSION
adhesion originally described for native hyalin (Adelson and
Humphreys, 1988) even though the present experiments use Hyalin provides the functional backbone of the hyaline
extracellular matrix for development of sea urchin embryosonly 1/1000 the concentration of antibody.
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FIG. 4. In situ RNA hybridization analysis of the postgastrula embryo in L. variegatus. (A, B) Hyalin mRNA reaccumulates in embryos
beginning at gastrulation. It is initially asymmetric in the embryo, then accumulates only in the aboral ectoderm, and forms a sharp
boundary of expression at the ectoderm±endoderm boundary. (C, D) Early plutei accumulate hyalin mRNA throughout the aboral ectoderm
except for a small circular area around the blastopore and the ciliary band (arrow). In D the oral surface is in focus and is negative for
hyalin RNA. The ciliary band (arrow) is also negative, but a boundary of cells on the oral side of the ciliary band is intensely labeled and
is the prominent label in older larvae (E). (F) LvSpec1 encodes a cytoplasmic protein and its mRNA is dispersed throughout the cell's
cytoplasm, whereas in G hyalin mRNA is concentrated adjacent to the ectodermal nuclei as expected for a protein that enters the secretory
pathway. b, blastopore; o, oral ectoderm. (A±E) Bar, 50 mm. (F, G) Bar, 20 mm.
and here we provide insight into the molecular nature of Tg-HYL antibody to hyalin earlier showed an ability to
block cell±hyalin adhesion (Adelson and Humphreys, 1988)the functional hyalin protein. Several criteria support the
and to bind to the long shaft of the hyalin monomer (Adel-conclusion that the cDNAs identi®ed here encode the hya-
son et al., 1992). This same antibody was then used in thelin protein. First, monoclonal antibodies to hyalin from two
expression library screen and identi®ed the tandem repeatsdifferent species were used to screen expression cDNA li-
both in S. purpuratus and in L. variegatus. We show thatbraries from two different stages. These independent experi-
expressed peptides of hyalin repeats serve as an adhesionments resulted in several overlapping cDNA clones that
substrate and that adhesion is at least partially blocked byeach contain the hyalin repeats. Second, the transcripts
low levels of hyalin antibody. Thus, we conclude that theidenti®ed by these cDNAs and the proteins identi®ed by
®lamentous portion of the hyalin molecule contains thethe monoclonal antibodies are each present in the right
tandemly arrayed repeats and is the part of the moleculeplaces and at the right times to be consistent with the classi-
recognized as an adhesive substrate in vivo. The sequencecal de®nitions of hyalin. This includes accumulation of the
of the hyalin repeats appears to represent approximatelyprotein into cortical granules during oogenesis at the same
two-thirds of the long shaft of the hyalin molecule. Thistime as mRNA accumulation, the apical accumulation of
value is estimated from mapping another ®lamentous extra-the protein in the embryo, and the ectodermal accumula-
cellular matrix protein, ®bronectin. Each of the ®bronectintion of the mRNA during gastrulation. Third, the size of
type III repeats contain a similar number of amino acidsthe mRNA is appropriately large for a protein that is over
(90) as does a hyalin repeat (84) and each of the FNIII repeats300 kDa in size. Finally, the amino acid analysis previously
is estimated to be 3.5 nm in length (Leahy et al., 1996).performed on isolated hyalin (Stephens and Kane, 1970) is
Were each of the hyalin repeats to be similar to the FNvery similar to the sequence interpreted from cDNA se-
repeats in length, the 13 repeats shown here would extendquence. Differences apparent at this level are likely due to
approximately 45 nm of the 75-nm hyalin shaft. By thisthe partial sequence of the hyalin cDNA presented here.
reasoning we would predict that the hyalin shaft could con-Thus, we are con®dent that the cDNA we have identi®ed
tain as many 21 hyalin repeats and account for 230 kDa ofis encoded by the hyalin gene.
the mass of the hyalin molecule.
When blocked by high concentrations of Tg-HYL (10 mg/
ml), as was used in Adelson and Humphreys (1988), cellsCell Adhesion to Hyalin
in vivo retract from the hyalin layer and gastrulation is
The tandem hyalin repeats appear to be a portion of the blocked. Using low concentrations of the antibody here (10
ng/ml) we observe inhibition of cell adhesion to recombi-hyalin protein that serves as a cell-adhesive substrate. The
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FIG. 5. In situ hyalin immunolocalization in gastrulae (A±C) and larvae (D, E) of L. variegatus. (A) Surface view of gastrula showing the
blastopore (arrow). Note that hyalin surrounds the aboral and oral ectoderm. (B) Histological section of gastrula showing hyalin around
the entire embryo and in the lumen of the entire gut. (C) Compressed embryos show the lacy nature of the hyalin layer. (D) Surface view
and (E) histological section of larvae showing the oral and aboral surfaces covered by hyalin and the mouth (arrow), with hyalin evident
within the esophagus only. Bar, 50 mm.
nant hyalin repeats in vitro. These ®ndings do not remove studied. The Spec family of genes, CyIIIa, and the arylsulfa-
all uncertainties of how hyalin interacts with cells. For exam- tase gene are each transcribed much earlier in development
ple, we have not tested other nonrepeat regions of hyalin for than hyalin (Brandhorst and Klein, 1992). Then, when the
substrate binding activity, so there could be more cell-bind- hyalin message does appear, it is not uniformly expressed
ing sites. We also do not know whether only one or more throughout the aboral ectoderm. Instead, mRNA accumu-
than one of the repeats contain the binding activity. We do lates fastest around the ectoderm±endoderm boundary at
know that the Tg-HYL antibody can bind multiple places on the blastopore and then in other areas of the aboral ecto-
the shaft of the hyalin molecule with the potential of derm, with a low level of expression in the oral ectoderm.
blocking multiple binding sites shared by the hyalin repeats. Later in development, the mRNA signal is also lost in an
Both species also have nonrepeat sequence upstream of the irregular pattern, beginning at the vertex of the larvae and
repeats that is distinct in the two species studied here and continuing throughout the ectoderm, except for the strip
may represent the globular region of the hyalin molecule. It just oral of the ciliary band. Another protein of the hyaline
also has no sequence similarity to anything in GenBank. layer, called Ecto V, is initially expressed all over the surface
Since the total size of the native protein is approximately 330 of the ectoderm as is hyalin, but as development continues
kDa, of which only 2±3% of its mass is due to carbohydrate it becomes con®ned speci®cally to the oral surface. Thus,
(Stephens and Kane, 1970), we predict that the sequence two proteins in the extraembryonic matrix are both ex-
shown here represents about 1/3 of the protein. pressed coincidentally all over the embryo and then contin-
ued expression is restricted to reciprocal compartments, hy-
Regulation of Hyalin Expression alin in the aboral and Ecto V in the oral. Similar patterns
of progressive restriction have been noted for other proteins,The timing of expression of hyalin at gastrulation is un-
usual relative to other aboral ectoderm genes that have been e.g., Endo 16 (Ransick et al., 1993).
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where it appears thicker than the hyalin over the ectoderm.
This endodermal-associated hyalin appears to be maternally
derived, from the original cortical granule exocytosis, since
cells of the early embryo and the endodermal lineage of the
postgastrula embryo do not accumulate detectable hyalin
mRNA. Autoradiography of isolated hyalin bags in which
the lumenal hyaline layer was not detectably labeled with
metabolic precursors (Citkowitz, 1971) supports this con-
clusion. Thus, we believe that the lumenal hyalin is drawn
into the archenteron during invagination and results from
a strong adhesion of the endodermal precursor cells to the
hyaline layer. Following formation of the mouth and feeding
by the larvae, the lumenal hyalin is removed in the midgut
and hindgut regions. It is not clear yet whether hyalin is
lost by sloughing off as a result of a selective loss of adhesion
by cells in that region or whether it is endocytosed by these
highly absorptive tissues.
The ciliary band has been shown to be an area where
presumptive oral and presumptive aboral clones of cells in-
teract and establish a boundary (Cameron et al., 1990). In
the pluteus larva, though, hyalin message appears on both
sides of the ciliary band as well as the entire aboral ®eld
but is excluded from cells within the band. Such a pattern
provides evidence suggesting that patterns of hyalin gene
expression are not strictly delimited by lineage but may
instead re¯ect a zone of overlapping and counteracting sig-
nals used in establishing the oral±aboral boundary. This
means that during transcriptional regulation, which has
been shown to be controlled spatially in a modular fashion
(Yuh et al., 1994), the hyalin gene regulatory elements must
contain a regulatory capacity that is more detailed than that
provided in genes transcribed in all cells of a germ layer,
for example.
FIG. 6. Adhesion of cells to hyalin. A quantitative adhesion assay Traf®cking of the Hyalin Protein
was employed using centrifugal force to dislodge cells from attach-
The compartmentalization of hyalin into cortical granulesment to hyalin on the substrate. (A) Hyalin is the preferred sub-
is a remarkably speci®c intracellular traf®cking event duringstrate of cells when compared to bovine serum albumin (BSA, used
oogenesis. Not only are cortical granules accumulatedto minimize nonspeci®c binding to the assay wells), ®bronectin or
throughout oogenesis, but many other secretory vesicle typestenascin from vertebrates, or whole basal lamina/blastocoel bags
of extracellular matrix from sea urchin larvae. (B) Under these same with different content proteins are accumulating at the same
conditions a GST fusion protein of the hyalin repeat region sup- time (Matese et al., 1997). Even more speci®cally, hyalin is
ported binding of cells at 50%, close to the value obtained for native accumulated only into a subregion of each cortical granule
hyalin in this experiment (60%), and several times the background (Hylander and Summers, 1982). Thus, a highly organized pro-
value (BSA, 12.6%). When parallel wells were further treated with cess of intracellular compartmentalization is at work in oo-
the monoclonal antibody Tg-HYL, at dilute concentrations, this
cytes. Since cortical granules are made only in oocytes, thesehyalin-speci®c antibody reduced binding to hyalin by 22% and to
15,000 vesicles contain enough hyalin protein to supply em-the fusion protein by 32%. Cell binding to native hyalin is signi®-
bryogenesis at least until gastrulation. At gastrulation, hyalincantly different from binding in the presence of Tg-HYL at P 
secretion must be regulated in a different way than that in0.00409 (t tests) and the difference between binding to recombinant
oocytes. Whether the protein follows a different stimulus-hyalin and binding to recombinant hyalin in the presence of Tg-
HYL is signi®cant at P  0.0240. dependent secretory pathway or is in a constitutive pathway
in the aboral ectoderm is not known, but the hyalin mRNA
in the embryo is in the rough ER-rich region of the cell,
and the nascent protein must be traf®cked and exocytosed
speci®cally toward the apical surface of the ectoderm. SinceThe hyalin protein is abundant in the lumen of the invagi-
nating gut and is visible in live embryos, in isolated hyalin cortical granules are not present in the gastrula, the secreted
hyalin must use a distinct class of apical secretory vesicles.bags (Citkowitz, 1971), and in ®xed sections of embryos
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ultrastructure of hyalin, a cell adhesion protein of the sea urchinSuch a class of vesicles was identi®ed by a monoclonal anti-
embryo extracellular matrix. J. Cell Biol. 116, 1283±1289.body and appears to carry proteins speci®cally toward the
Alliegro, M. C., and McClay, D. R. (1988). Storage and mobilizationapical surface of the ectoderm (Alliegro and McClay, 1988;
of extracellular matrix proteins during sea urchin development.Matese et al., 1997), but it is not clear whether hyalin is
Dev. Biol. 125, 208±216.traf®cked in that vesicle class or separately in a different
Anderson, E. (1974). Comparative aspects of the ultrastructure ofvesicle toward the apical surface. Part of the dif®culty in
the female gamete. Int. Rev. Cytol. Suppl. 4, 1±70.
reaching conclusions about the timing of secretion later in Berg, L. K., and Wessel, G. M. (1997). Cortical granules of the sea
development is that the maternal hyalin protein continues urchin translocate early in oocyte maturation. Development 124,
to be present at the time zygotic hyalin is ®rst made. Thus, 1845±1850.
it is not possible with the antibodies available to distinguish Blake, M. S., Johnston, K. H., Russell-Jones, G. J., and Gotschlich,
newly secreted hyalin from maternal hyalin by immuno¯u- E. C. (1984). A rapid, sensitive method for detection of alkaline
orescence. Finally, since by genomic DNA blot analysis only phosphatase-conjugated anti-antibody on Western blots. Anal.
Biochem 136, 175±179.one hyalin gene is detectable in the animal, the same hyalin
Brandhorst, B. P., and Klein, W. H. (1992). Territorial speci®cationproduct is made, packaged, and secreted by two different
and control of gene expression in the sea urchin embryo. Semin.pathways. We cannot exclude the possibility, however, that
Dev. Biol. 3, 175±186.alternatively spliced transcripts provide an embryonic mole-
Bruskin, A. M., Tyner, A. L., Wells, D. E., Showman, R. M., andcule with different traf®cking properties than the maternal
Klein, W. H. (1981) Accumulation in embryogenesis of ®veprotein, although the adhesive properties of the early and
mRNAs enriched in the ectoderm of the sea urchin pluteus. De-late forms of the molecule appear to be the same (Fink and
vel. Biol. 87: 308±318.
McClay, 1985).
Burdsal, C. A., Alliegro, M. C., and McClay, D. R. (1991). Tissue-
speci®c, temporal changes in cell adhesion to echinonectin in
the sea urchin embryo. Dev. Biol. 144, 327±334.
CONCLUSIONS Cameron, R. A., Fraser, S. E., Britten, R. J., and Davidson, E. H.
(1990). Segregation of oral from aboral ectoderm precursors is
completed at ®fth cleavage in the embryogenesis of Strongylocen-Many embryos have an extraembryonic matrix. Little is
trotus purpuratus. Dev. Biol. 137, 77±85.known, however, about how these matrices are used by the
Citkowitz, E. (1971). The hyaline layer: Its isolation and role inembryos. For most it is thought that the extraembryonic
echinoderm development. Dev. Biol. 24, 348±362.matrix is there primarily to offer protection. This is likely
Decker, S. J., and Kinsey, W. H. (1983). Characterization of corticalto be a function for the hyaline layer, as well, but the present
granule secretory vesicles from the sea urchin eggs. Dev. Biol.study with hyalin also indicates that this extraembryonic
96, 37±45.
matrix molecule surrounding the sea urchin embryo is an
Devereux, H., Haeberli, S., and Smithies, O. (1984). A comprehen-
important and dynamic component of morphogenesis. Hya- sive set of sequence analysis programs for the VAX. Nucleic
lin is sequestered in abundance in the egg in a highly spe- Acids Res. 12, 387±395.
ci®c packaging sequence, released in a highly regulated fash- Faust, R. G., Jones, R. F., and Parpart, A. R. (1959). Isolation and
ion, and later is expressed in a highly speci®c pattern at characterization of cortical granule±hyaline material of the Ar-
gastrulation as the cells shift in their af®nities toward this bacia egg. Biol. Bull. Mar. Biol. Lab. Woods Hole 117, 394.
matrix component. Perhaps similar molecules have such Fink, R. D., and McClay, D. R. (1985). Three cell recognition
changes accompany the ingression of sea urchin primary mesen-dynamic roles in other species.
chyme cells. Dev. Biol. 107, 66±74.
Gong, Z., Cserjesi, P., Wessel, G. M., and Brandhorst, B. P. (1991).
Structure and expression of the polyubiquitin gene in sea urchinACKNOWLEDGMENTS
embryos. Mol. Reprod. Dev. 28, 111±118.
Gray, J., Justice, R., Nagel, G. M., and Carroll, E. J., Jr. (1986). Reso-
We are grateful to Jeannie Brown and Douglas Hixson of the lution and characterization of a major protein of the sea urchin
Rhode Island Hospital for their help in preparation of the mono- hyaline layer. J. Biol. Chem. 261, 9282±9288.
clonal antibodies. We also appreciate the helpful discussions with Gustafson, T., and Wolpert, L. (1967). Cellular movement and con-
Chandler Merritt and with members of the Providence Institute of tact in sea urchin morphogenesis. Biol. Rev. 42, 442±498.
Molecular Oogenesis, and the assistance in making ®gures from
Hammer, J. A. (1896). UÈ ber einen primaÈren ZusammenhangSean Conner. We acknowledge support from NIH HD 14483 to
Zwischen den Furchungszellen des Seeigeleies. Arch. mikr. Anat.
D.R.M. and NIH HD 28152 and NSF IBN 9208018 to G.M.W.
47: 14±23.
Harvey, E. B. (1956). ``The American Arbacia and Other Sea Ur-
chins.'' Princeton Univ. Press, Princeton, NJ.
REFERENCES Herbst, C. (1900). UÈ ber das auseinandergenhen von furchungs-und
gewebezellen in kalkfreiem medium. Arch. F. Entwick. 9, 424±
463.Adelson, D. L., and Humphreys, T. (1988). Sea urchin morphogene-
Hertwig, O. (1876). Beitrage zur kentniss der bildung, befruchtungsis and cell±hyalin adhesion are perturbed by a monoclonal anti-
und theilung des thierischen eise. Morph. Jahrb. 1, 347±434.body speci®c for hyalin. Development 104, 391±402.
Adelson, D. L., Alliegro, M. C., and McClay, D. R. (1992). On the Hylander, B. L., and Summers, R. G. (1982). An ultrastructural im-
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8793 / 6x36$$$221 01-19-98 21:10:19 dba
126 Wessel et al.
munocytochemical localization of hyalin in the sea urchin egg. Ransick, A., Ernst, S., Britten, R. J., and Davidson, E. H. (1993).
Whole mount in situ hybridization shows Endo 16 to be a markerDev. Biol. 93, 368±380.
Justice, R. W., Nagel, G. M., Gottschling, C. F., Damis, M. F., and for the vegetal plate territory in sea urchin embryos. Mech. Dev.
42, 117±124.Carroll, E. J., Jr. (1992). A 9.6S protein is the third calcium-insolu-
ble component of the sea urchin hyaline layer. Arch. Biochem. Ruf®ns, S. W., and Ettensohn, C. A. (1996). A fate map of the vege-
tal plate of the sea urchin (Lytechinus variegatus) mesenchymeBiophys. 294, 297±305.
Kane, R. E. (1970) Direct isolation of the hyaline layer protein re- blastula. Development 122, 253±263.
Sanger, F., Nicklen, S., and Coulson, A. R. (1977). DNA sequencingleased from cortical granules of sea urchin eggs at fertilization.
J. Cell Biol. 45, 615±622. with chain terminating inhibitors. Proc. Natl. Acad. Sci. USA
74, 5463±5467.Kane, R. E. (1973). Hyalin release during normal sea urchin develop-
ment and its replacement after removal at fertilization. Exp. Cell Shyu, A., Raff, R., and Blumenthal, T. (1986). Expression of the
vitellogenin gene in female and male sea urchin. Proc. Natl.Res. 81, 301±311.
Laidlaw, M., and Wessel, G. M. (1994). Cortical granule biogenesis Acad. Sci. USA 83, 3865±3869.
Smith, D. B., and Johnson, K. S. (1988). Single-step puri®cation ofis active throughout oogenesis in sea urchins. Development 120,
1325±1333. polypeptides expressed in Escherichia coli as fusions with gluta-
thione S-transferase. Gene 67, 31±40.Leahy, D. J., Aukhil, I., and Erickson, H. P. (1996). 2.0 A crystal
structure of a four-domain segment of human ®bronectin encom- Stephens, R. E., and Kane, R. E. (1970). Some properties of hyalin:
The calcium-insoluble protein of the hyaline layer of the seapassing the RGD loop and synergy region. Cell 84, 155±164.
Logan, C., and McClay, D. R. (1997). The allocation of early blasto- urchin egg. J. Cell Biol. 44, 611±617.
Towbin, H., Staehelin, T., and Gordon, J. (1979). Electrophoreticmeres to the ectoderm and endoderm is variable in the sea urchin
embryo. Development 124, 2213±2223. transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications. Proc. Natl. Acad. Sci.Matese, J. C., Black, S., and McClay, D. R. (1997). Regulated exo-
cytosis and sequential construction of the extracellular matrix USA 76, 4350±4354.
Vacquier, V. D. (1969). The isolation and preliminary analysis ofsurrounding the sea urchin zygote. Dev. Biol. 186, 16±26.
Matthews, J. A., Batki, A., Hynds, C., and Kricka, L. (1985) En- the hyaline layer of sea urchin eggs. Exp. Cell Res. 54, 140±142.
hanced chemoluminscent method for the detection of DNA dot- Venezky, D. L., Angerer, L. M., and Angerer, R. C. (1981). Accumu-
hybridization assays. Anal. Biochem. 151, 205±209. lation of histone repeat transcripts in the sea urchin egg pronu-
McClay, D. R. (1986). Embryo dissociation, cell isolation, and cell cleus. Cell 24, 385±391.
reassociation. In ``Methods in Cell Biology'' (T. E. Schroeder, Ed.), Yuh, C.-H., Ransick, A., Martinez, P., Britten, R. J., and Davidson,
pp. 309±323. Academic Press, San Diego. E. H. (1994). Complexity and organization of DNA±protein inter-
McClay, D. R., and Fink, R. D. (1982). Sea urchin hyalin: Appear- actions in the 5*-regulatory region of an endoderm-speci®c
ance and function in development. Dev. Biol. 92, 285±293. marker gene in the sea urchin embryo. Mech. Dev. 47, 165±186.
McClay, D. R., Wessel, G. M., and Marchase, R. B. (1981). Intercel-
Received for publication September 3, 1997lular recognition: Quantitation of initial binding events. Proc.
Natl. Acad. Sci. USA 78, 4975±4979. Accepted October 30, 1997
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8793 / 6x36$$$221 01-19-98 21:10:19 dba
